INTRODUCTION
Playa basins are relatively small, roughly circular to oval, internally drained depressions on the otherwise gently sloping surface of the Southern High Plains. There are thousands of playa basins and their origins have been debated for almost a century (Table 1) . Gustavson et al. (1995) critically reviewed the major hypotheses on the origins and development of playa basins. Some evidence is available to support each hypothesis, but the playa basins probably are not the result of a single process. However, for all the discussions of these ubiquitous features, and considering their numbers, there are very few field data on their lithostratigraphy or geochronology. Most of the published stratigraphic information deals with one to three playas studied by investigators using different methods and attempting to answer varying research questions (Sellards, 1938; Judson, 1950 Judson, , 1953 Lotspeich et al., 1971; Allen et al., 1972; Osterkamp and Wood, 1987; Holliday et al., 1994; Paine, 1994) (Table 1) .
To better understand playas this paper presents data on the stratigraphy of fill in 19 playa basins, integrated with published studies of 4 other playas, and the dating of fill in 12 of the study basins. The lithology and geochronology of the basin fills, and the stratigraphic relationships of the basin fills to the basins and to the substrate are fundamental characteristics that contain clues regarding the origin and development of playas and the paleoenvironmental history of the region. The study of these basins also is important because playas are the principal source of recharge for the Ogallala aquifer (Wood and Osterkamp, 1984; Nativ, 1988; Nativ and Riggio, 1990; Stone, 1990; Mullican et al., 1994) . Moreover, the origin and evolution of playa basins represent a significant component ≤1.5 km 2 , however, and about half are ≤0.1 km 2 (Sabin and Holliday, 1995) . Depths of the basins are extremely variable. Some are completely filled with lacustrine sediment and have no topographic expression, whereas others are >14 m deep. The shapes (using a "roundness index" of 0-1; Ebdon, 1977) vary from circular (roundness index = 0.95) to oval or bean shaped (roundness index = <0.30) (Sabin, 1992) .
The variation in texture of the Blackwater Draw Formation strongly controls the distribution and size of playa basins (Gustavson et al., 1995; Sabin and Holliday, 1995) . Playas are most numerous in the coarsest (sandy), most easily deflated substrate, followed by the finest (clayey) substrate. Increased clay content normally reduces erodibility, but the clayey soils of the plains form erodible, sand-size aggregates (Chepil and Woodruff, 1963; Lyles, 1977; Breuninger et al., 1989) . The deepest playas and those with largest area also are in the easily erodible clayey substrate. These data support the hypothesis of playa basin development and maintenance by erosion rather than by dissolution and subsidence (Sabin and Holliday, 1995) . Gustavson et al. (1995) proposed that these erosive processes include centripetal fluvial erosion and deflation of the fluvially derived sediment. Lunettes most often are associated with deeper and wider playas (Sabin and Holliday, 1995) . The presence or absence of lunettes probably is related to the nature of the playa fill and is not a function of playa-basin substrate texture.
The hydrologic regime of playas plays a critical role in the stratigraphy of playa fills. Because recharge to the Ogallala Aquifer is focused through playas (Stone, 1990; Mullican et al., 1994) , chlorides and soil carbonate, which accumulate in the playa soils as a result of evapotranspiration, are mostly flushed through playa sediments by recharge (Stone, 1990; Gustavson et al., 1994) . Both surface and buried soils in interplaya areas may contain as much as 70% CaCO 3 by volume, in comparison to playa soils, which typically contain little or no carbonate.
This study presents data on playas from the central and northern regions of the Southern High Plains (Fig. 1) . The study basins vary in size from 80 m 2 (10 m diameter) to an unusually large one of 20 km 2 (6.0 × 3.7 km) ( Table 2) . Three of the basins (Miami, San Jon, and Ryan) were the sites of Paleoindian archaeological and geological research. We investigated the other 16 playa basins specifically to study the age, origin, evolution, and hydrology of the depressions and the fills. Seven of the basins were part of a long-term, systematic study of playas in and near Amarillo (Fig. 1) . Additional data on playa fills are available from chronostratigraphic studies of lunettes adjacent to five playa basins (Holliday, unpub. data) and from pedologic studies by Allen et al. (1972) (three playas) and Lotspeich et al. (1971) (one playa) (Fig. 1) .
METHODS
The field data came from exposures and cores, and from previous investigations. The San Jon playa is exposed by an extensive and deep gully system that removed much of the basin fill. The Finney, Gentry, Ryan, and Seminole-Rose playas are exposed in excavations. All other playas were studied via cores or trenches. Multiple cores were taken from each playa to sample both the centers and margins of the basins. The cores and sections were measured and described in the field and in the laboratory. Samples were subjected to a variety of analyses for further assessment of sedimentologic and pedologic characteristics (sand-silt-clay content, carbonate content, organic carbon content, and clay mineralogy 1 ), although the field characteristics and descriptions usually provide the most informative kinds of data for Quaternary stratigraphic work in the region (e.g., Holliday, 1985b Holliday, , 1985c Holliday, , 1989b Holliday, , 1995a Holliday, , 1995b . The terms "mud" and "loam," not standard in both geology and pedology, are used here (for convenience and brevity) to describe poorly sorted mixtures of finegrained sediments. Such poorly sorted deposits are much more common in Quaternary sections of the region than are well-sorted sediments. Mud contains subequal amounts of silt and clay (after Bates and Jackson, 1980) . Loam contains more or less equal amounts of sand, silt, and clay (Soil Survey Division Staff, 1993) .
Radiocarbon ages were secured from fills at most of the sites investigated (Table 3) and from lunettes adjacent to five playa basins (only one of which was studied). The ages were determined on samples of organic-rich mud and A horizons of buried soils. There can be problems in dating these materials (e.g., Campbell et al., 1967; Scharpenseel, 1971 Scharpenseel, , 1979 Matthews, 1985) , but studies at other sites on the Southern High Plains show that such samples usually yield reasonable, approximate or at least minimum ages of deposition of associated strata and maximum ages of deposition for overlying sediments (Holliday et al., 1983 (Holliday et al., , 1985 Haas et al., 1986) . Comparisons of radiocarbon ages with archaeological data from three playas (Miami, San Jon, and Ryan) also indicate that the basin fills provide reasonable radiometric ages, including samples within 10 cm of the surface Hartwell, 1995; Hill et al., 1995) . In situations where ages appear reversed or where two ages are available from a single sample, the older age is assumed to be a better indication of the age of the sediment (Matthews, 1980; Hammond et al., 1991) . Shrinking, swelling, and cracking of smectitic clays in most playa fills raise the possibility of mixing older and younger carbon, but the archaeological cross-checks indicate that this is not a significant problem.
The radiocarbon ages were corrected for δ 13 C fractionation, but are not tree-ring calibrated.
Calibrations would confuse comparisons with other dated sequences from the region and surrounding areas, none of which are calibrated. Moreover, most of the radiocarbon ages from the playas are in the range of only tentative calibrations (>10 000 yr B.P.) (Becker, 1993; Stuiver, 1993) , which may require correction (especially the more recently published calibrations), rendering published, calibrated ages inaccurate (e.g., Stuiver and Pearson, 1992; Stuiver, 1993) .
LITHOSTRATIGRAPHY
Prior to this study, the stratigraphic record in small playa basins was based on the stratigraphy of salinas or known largely from surficial studies. Several formal lithostratigraphic units for late Quaternary playa and salina fills were discussed by Reeves (1976 Reeves ( , 1990 Reeves ( , 1991 , modified from the work of Evans and Meade, 1945) . Two, the Tahoka and Double Lakes Formations, are difficult to deal with stratigraphically because (1) they are lithologically similar to one another and to older Pleistocene and Pliocene lake sediments; (2) differentiating them from one another and from older deposits often is based on radiometric dating and paleontology, an approach in conflict with the principles of lithostratigraphy; (3) the relationship of the Tahoka to the surficial deposits is unclear, but appears to be based on age differences; and (4) the term "Tahoka" is also applied to a climatic and geochronologic interval (Wendorf, 1961; Wendorf and Hester, 1975) , further confusing the issue of lithostratigraphic relationships. The dating of the Tahoka is also a problem because most radiocarbon ages are on lacustrine marls, and such material in regions with carbonate-rich waters can yield inaccurate ages (Fritz, 1984) . For all of these reasons formal lithostratigraphic nomenclature is not used in this paper.
Two distinct types of surficial deposits in small playa basins were identified on the basis of soilgeomorphic research: (1) dark gray to black lacustrine mud (usually identified as the Randall Clay on county soil maps), locally inset against (2) light gray to white lacustrine carbonate (the Arch loam on some county soil maps) (Allen et al., 1972; Holliday, 1985a Holliday, , 1995a . Our investiga-Geological Society of America Bulletin, August 1996 §Age determined at the U.S. Geological Survey lab in Denver; lab number is survey's internal identification, and no formal "DE" number was assigned. Data on sample processing from I. C. Yange (October 1994, personal commun.) .
tions of subsurface deposits in the small basins reveals more complex stratigraphies, however. In this paper playa stratigraphy is discussed in terms of six distinctive facies: (1) lacustrine mud; (2) lacustrine carbonate; (3) lacustrine delta deposits; (4) eolian sand and silt; (5) eolian loam; and (6) accretionary eolian deposits (Blackwater Draw Formation). Subdivisions of several facies also are recognized.
Lacustrine Mud
Mud is the most common facies in playa basins ( Table 2 ). The mud is massive to faintly laminated, weakly calcareous to noncalcareous, relatively high in expandable and mixed-layer clays, and varies in texture from sandy clay and sandy clay loam in the southern and southwestern sites, to silty clay in the northern sites. Gray mud is the surficial deposit on the floors of most playas of the Southern High Plains and is equivalent to the Randall Clay soil series (classified as a Pellustert) on county soil maps, and the less common Lipan Clay (also a Pellustert) and Lofton Clay (an Argiustoll). This facies occurs as the surface deposit and at depth in all study playas except Elida, where it is buried by sand. At and near the surface the lacustrine mud typically is dark gray (10YR 4/1) grading to grayish brown (10YR 5/2) (see footnote 1). The particlesize distribution typically is a silty loam rather than a clay (see footnote 1), however, and where the surficial deposits are sandy the playa fill is a loam to sandy loam (Elida).
The source of the silt and clay in the mud probably is slopewash and dust. As slopewash, the clay and fine silt was carried in suspension to the center of the basin and deposited from flood water. Dust, deflated from the High Plains surface, was trapped on the floor of the basin in water, on a damp surface, or by vegetation.
Repeated episodes of flooding and desiccation and resulting expansion and contraction of clayey soils produced deep desiccation cracks, fine granular to blocky surface structure, and both large and small soil aggregates bounded by fractures with slickensides. Within a few weeks to a few months after flood waters dry up, vegetation is reestablished, resulting in numerous root tubules. Collectively, the processes of pedoturbation and bioturbation destroy most primary sedimentary structures in playa sediments. Preserved soil and plant structures such as granular to blocky fracturing, soil peds bounded by slickensides, filled desiccation cracks, and common root tubules indicate that the playa floors were repeatedly flooded and desiccated in the past.
Heterogeneities in lacustrine mud thickness, color, texture, fabric, and induration document areal and temporal variability in playa basin evolution. In basins with thicker lacustrine mud deposits, most older muds generally are lighter colored and appear to be less organic rich (see footnote 1). Older muds in the subsurface are stiffer than surface Randall Clay soils and have well-developed fracture or ped surfaces. Colors include light gray (5YR 7/1), olive (2.5Y 6/2), and reddish brown (7.5YR 4/4, 5YR 5/6), and, in some basins, dark gray colors similar to the surface muds. Older muds are texturally similar to the surface dark gray mud, and commonly have similar churned fabrics and slickensided soil structures. Fracture surfaces within the older firm clay are pigmented by iron and manganese oxides, especially at depth, and indicate that fractures transmitted fluids. Manganese patches and concretions also are very common at depth (see footnote 1).
Facies relationships show that older muds are confined to the playa basin and are laterally equivalent to shoreline and playa-basin slope facies, facies relationships similar to the present Randall Clay soils. In addition to the fine-grained texture, which suggests deposition under conditions similar to the surface mud, the reduced colors, preservation of organic material, and gleying of underlying former upland soils demonstrate deposition under ponded conditions. The light gray and olive muds below the dark gray mud likely are approximately equivalent to the Tahoka Formation of earlier studies (Reeves, 1976 (Reeves, , 1990 (Reeves, , 1991 . On the basis of the facies and textural relationships, these muds at depth are interpreted as buried equivalents of the playa surface sediments (Randall Clay soils).
Some variations in color indicate variability in duration and frequency of ponding. In some fills (Washington Street, TDCJ playas) lateral changes from gray to reddish sediment locally occur toward the shoreline, indicating that, along the shoreline, ponding and organic-matter production were insufficient to reduce detrital red upland clays. Other color variations reflect oxidation and alteration during prolonged episodes of exposure of former lake floors. This type of oxidation occurs along ped faces and root tubules and increases toward the top of lacustrine mud beds. In most of the playas studied in the northeastern part of the Southern High Plains, organic matter derived from dark muds that overlie lighter colored older muds have stained the upper part, fracture faces, and root traces of the lighter muds with translocated organic material, obscuring original conformable or unconformable relationships. Where unconformities are apparent a record of basin evolution is preserved. At the Gentry section there are two layers of the olive gray mud, separated by a disconformity, and, along with the surficial dark gray facies, they form a palimpsest of three fills in three basins (Fig. 2 ) (see footnote 1).
Vertical changes in lacustrine-clay color, texture, and fabrics document evolution of the lakes. However, radiocarbon ages are sparse (discussed below), and lake-filling sequences are heterogeneous, some with repetition of similar facies through a vertical succession. Care is required to avoid erroneous extrapolation of these changes among lake basins with variable and complex histories.
Lacustrine Carbonate
Marl is the other common surficial deposit in playa basins, although it is significantly less common than lacustrine mud ( Table 2 ). The deposit is light gray to gray brown (10YR 7/1-5/2), loamy, massive, and friable (see footnote 1). The carbonates contain sepiolite, a clay mineral often reported from sediments in lake basins and from calcic soils of semiarid regions (Bigham et al., 1980; Singer, 1989; Parry and Reeves, 1968) , and in particular, reported from several carbonate soils on the Southern High Plains (Bigham et al., 1980) . The carbonate is interpreted as primary lacustrine carbonate because of its relationship to the playa basin, massive structure, friable consistency, and mineralogy.
The carbonate occurs across the floors of a few playa basins (e.g., Cone), but more commonly is preserved as a bench around the margins of some basins (e.g., Truett). The lacustrine mud is inset against the carbonate benches and locally the mud buries the eroded carbonate. Discrete deposits of lacustrine carbonate also are locally interbedded with the lacustrine clay. An A/Bw soil profile formed in the upper carbonate. The carbonate facies and associated soil are considered the equivalent of the Arch loam soil series on county soil maps (classified as a Calciorthid). Buried A horizons were identified within the calcareous fill at the Lupton East and Seminole-Rose playas. These zones indicate periods of no water and nondeposition in the playas and subaerial weathering of the lake beds. Playa basins with lacustrine carbonate exposed at the surface usually have a lunette; the lake carbonates were the source of much of the sediment in the dunes (Holliday, 1985a (Holliday, , 1995a .
Lacustrine Delta Deposits
Laterally and vertically heterogeneous, interbedded sand, silt, clay, and carbonate pebbles that occur as thin units within the lacustrine sediments are interpreted as parts of delta complexes formed where gullies discharged into playa basins. Delta deposits, derived from eroded Blackwater Draw Formation, are most common near the basin margins and rarely extended across the basin floors. Weak pedogenic SMALL PLAYA BASINS, SOUTHERN HIGH PLAINS modification of many delta deposits indicates relatively rapid deposition during progradation followed by relatively rapid burial under the lake sediments. Sediments in the delta deposits exhibit variable red, brown, and gray colors, indicating differences in the oxidation state of iron oxides associated with clays.
Delta sediments are more common in larger playa basins (Table 2) , probably because the large basins have more relief and a larger catchment area, and are more likely to drain sufficiently large gullies. Small playas have modern deltas, but this may be an artifact of increased sediment supply due to agricultural activity.
Eolian Sand and Silt
Well-sorted layers of sand and silt occur locally above, within, or below the lacustrine deposits. The layers range in thickness from a few millimetres up to 30 cm. These deposits probably started as eolian sediments, on the basis of their excellent sorting. The sediments probably were deposited in a lacustrine environment, on the basis of the lack of postdepositional modification such as erosion, soil formation, or bioturbation (high water prevented deflation, weathering, and mixing), and local interbedding of sand with lacustrine mud (due to fluctuating lake levels and differential input of slope-derived muds and eolian sand). This facies probably represents eolian sediments trapped as the water level rose in the playa by processes similar to those described for wet eolian settings by Kocurek and Neilson (1986) .
In most basins, discrete lenses and beds of Geological Society of America Bulletin, August 1996 well-sorted sand occur at or near the base of the lacustrine muds (Figs. 2 and 3; see footnote 1). Some basins exhibit eolian sand interbedded with mud (Figs. 2 and 3) . The clean sands within the muds at Gentry may identify three stages in the evolution of the basin (Figs. 2 and 3) . At the base of and immediately below many sand lenses is a zone of mottles and concretions of oxidized iron with manganese films and patches, 30-100 cm thick (see footnote 1). At San Jon the sand layer is up to 100 cm thick, and the zone of iron and manganese accumulation forms a sheetlike resistant layer up to 20 cm thick. The sands likely were derived from the red Blackwater Draw Formation.
A layer of silt was observed within the gray lacustrine mud at Miami (the "loess" of Sellards, 1938; Holliday et al., 1994) , 30-50 cm below the surface of the basin fill ( Fig. 3 ; see footnote 1). The layer probably is an eolian deposit, on the basis of the sorting (94% silt, of which 93% is fine silt) and the lack of evidence for any other obvious mode of origin. Silt layers were observed accumulating on the modern surfaces of playas during the winter (e.g., TDCJ playa).
Eolian Loam
Wedges of loamy sediment are locally interbedded with lacustrine clay in a few of the study playas (Table 2 ; see footnote 1). These loams are interpreted as eolian because they exhibit no bedding and tend to be thicker near the basin margin and thin rapidly toward the basin center (alluvial sediments are thin at the basin margin and thicken as the paleobasin floor flattens). The absence of bedding is probably due to slow deposition on a vegetated surface and subsequent bioturbation. Heterogeneous mixtures of fines are interpreted as eolian sediments in valley fills of the region (Holliday, 1995b) and are characteristic of sediment recovered from dust traps in the region (Gillette, 1981; Holliday, 1987 Holliday, , 1988 . The eolian deposits resulted from wind deflation of the Blackwater Draw Formation (i.e., deflation of the High Plains surface). The eolian loams have soils with Bw or Bt horizons, indicating substantial periods of subaerial weathering prior to burial by the lacustrine mud. Slow burial of the loam, allowing bioturbation and pedogenesis, probably accounts for much of the contrast in lithology between the eolian loam and the well-sorted sand and silt.
Accretionary Eolian Deposits (Blackwater Draw Formation)
The Blackwater Draw Formation exhibits several significant stratigraphic relationships to the other playa fills. Most of the field characteristics of the formation are the result of pedogenesis (Holliday, 1989a) . Typically, the Blackwater Draw is an A-Bt-Bk soil profile 1-3 m thick, and in thicker sections it is a series of welded, buried Bt-Bk or Bt-Btk soil profiles. The Bt horizons of the formation typically are dark red to reddish brown (2.5YR 3/6, 5YR 5/4) and usually have thick, continuous clay films on ped faces. The Bk and Btk horizons are reddish brown to pink to white (5YR 5/3-9/1), the carbonate occurring as soft, powdery coats on ped faces and, less commonly, as concretions. Across the region delineated by the study sites, the formation varies in texture from sandy loam to sandy clay loam to clay loam (Holliday, 1989a, Fig. 1 ). Primary sedimentary structures are not preserved due to pedogenesis, and stratification is rarely apparent due to soil welding.
Blackwater Draw Formation strata are nearly horizontal around the playa basins to gently sloping on the basin margins. The modern basins in all study areas are locally or completely inset into the Blackwater Draw Formation and the argillic (Bt) and calcic (Bk) horizons of the surface soil are clearly exposed above the floors of the playas around many basins (Fig. 4) . The exposures at some small basins (Table 2 and Fig. 2 ) also show that the modern playa basins crosscut all soil horizons, and that the upper parts of the fills in these basins rest unconformably on the modern soil. In the Amarillo area, which is a region of the thickest Blackwater Draw Formation, indicating relatively high sedimentation, inset relationships are apparent on the northern and northwestern (steepest) sides of the basin, and interfingering relationships are well developed in the gentler southern and eastern sides of the basins.
The Blackwater Draw Formation is interbedded with lake sediments below the modern basins at sites with thick fills. The interbeds include the surficial sheet and the older, deeper strata composing the formation. In all cases the interbedded strata were heavily modified by soil formation and exhibit pedogenic characteristics similar to those of the formation not associated with playas. These stratigraphic and morphological relationships show that some basins have a prolonged history as depressions, although the size varied as they were encroached upon by the Blackwater Draw Formation or enlarged by fluvial, lake margin, and eolian erosion. For example, the playa basin at San Jon probably was at least 1.0 km in diameter (Table 2 and (Fig. 5) .
Where the Blackwater Draw Formation underlies lake beds, the formation is strongly altered (see footnote 1), largely the result of downward flux of water beneath the lakes. Gleying is the most apparent modification. In the small basins the gleyed zone is 50-100 cm thick, but in larger basins the gleyed horizons are 1-4 m thick. Films and concretions of manganese oxide are ubiquitous in these zones. Calcic horizons typically are missing from the Blackwater Draw Formation below the central area of the basins (Table 2 ). More carbonate is preserved toward the margins of the basins.
GEOCHRONOLOGY
Radiocarbon samples from fills in 12 of the 19 playa basins provide an initial assessment of the age of the basins and the history of filling. The ages of five other basins (only one of which is among the 19 study sites) are indicated by radiocarbon dating of buried A horizons formed in lunettes adjacent to the basins.
Radiocarbon ages are available from three playa basins with archaeological data. The small basin at the Miami site (Fig. 3) started filling with lacustrine mud ca. 13 700 yr B.P. and probably was completely filled by the beginning of the Holocene (10 000 yr B.P.) . The silty "loess" (Sellards, 1938; Holliday et al., 1994) , dated to ca. 11 400 yr B.P., is 30-50 cm below the top of the fill. The radiocarbon ages on the loess and overlying fill are in accord with associated archaeological assemblages . The playa at the Ryan site (Fig. 3 ) is similar to Miami in being small, completely filled, and yielding archaeological material. The archaeological material generally confirms the radiocarbon ages (Hartwell, 1995) . The basin formed and was filling with gray mud by 10 700 yr B.P. and was completely filled (i.e., had no topographic expression) by the beginning of the Holocene.
The San Jon playa also yielded archaeological materials (Roberts, 1942; Judson, 1953; Hill et al., 1995) , but the basin has a much more complex evolution and stratigraphy, and currently is undergoing incision. The locality includes a Pleistocene paleobasin partially covered by the Blackwater Draw Formation, and a younger basin with late Quaternary fill (Fig. 5) . All age control is for the late Quaternary basin fill. Sediments in the younger basin include eolian sand, four layers of lacustrine mud (strata 1si-4si in Fig. 3) , and four intervening sandy delta deposits and eolian loam (strata 1s-4s in Fig. 3) . The radiocarbon assays suggest that the basin filled from the late Pleistocene until incision began <3600 yr B.P. The layer yielding the oldest age (stratum 1si) is buried by eolian loam (stratum 1s) with a Bt horizon ≈2 m thick. The amount of time necessary to produce such a soil horizon is at least several thousand years in this region and setting (Holliday, 1988 (Holliday, , 1995b , indicating that the lowermost date is falsely young and that the younger basin could be much older than 13 100 yr B.P. Otherwise, the radiocarbon sequence is cross-checked by the archaeology (Hill et al., 1995) . Above the delta sediments is eolian loam, a thin lens of gray mud dated to ca. 7600 yr B.P., and the youngest layer of mud, with a base date of ca. 3600 yr B.P. (Table 3 and Fig. 3 ).
Finney playa (Fig. 3) was in a relatively small basin that also filled completely with gray lacustrine mud. The middle of the gray mud, which is 3.5 m thick, dates to ca. 30 200 yr B.P. Therefore, most of the filling of the basin probably occurred before the end of the Pleistocene.
In the other playas there is considerable variation in fill stratigraphy, but the chronologies of the upper lacustrine muds in each are broadly similar. The Elida playa contains no Pleistocene fill; the mud is middle to late Holocene in age (4700-3200 yr B.P.) and is buried by late Holocene eolian sand.
The fill in the Gentry playa includes gray and olive lacustrine mud and eolian sand and loam. Gray mud and a sand lens partially fill the modern lake basin. Mud apparently filled the young basin throughout the Holocene, although a wedge of eolian loam was deposited shortly after 5700 yr B.P. (Fig. 2) . Eolian sand under the gray mud yielded bones from mammoths, which were extinct in the area by 11 000 yr B.P. (Johnson, 1986 (Johnson, , 1987 . There were two older basins at Gentry, each filled with a layer of eolian sand overlain by olive lacustrine mud. Both paleobasins were buried by the surface layer of the Blackwater Draw Formation, which is truncated by the modern basin (Fig. 2) . The Blackwater Draw Formation is not well dated, but the surface layer of the formation may have been deposited between 100 000 and 50 000 yr B.P. (Holliday, 1989a) , based in part on dating of a lunette at the nearby Cone playa (below).
The TDCJ playa contains a thick deposit (15 m) of lacustrine mud interbedded with delta, eolian, and colluvial deposits, including the upper layers of the Blackwater Draw Formation (Fig. 3) . The center of the basin fill is composed of 20 m of interbedded lacustrine mud, clay, and sandy clay, dated to ca. 12 500 yr B.P. (4.9 m below top) and ca. 2700 yr B.P. (1.5 m below top) (Fig. 3) . Interfingering of basin fill with the Blackwater Draw Formation, which exhibits strong pedogenic modification (thick argillic horizons), indicates that the playa fill at the (Fig. 1) showing the stratigraphic relationships of the older and younger basins and their fills to the Blackwater Draw Formation and older formations (based on Judson, 1953, Fig. 8 ). Sections are missing in the middle and northern end of the basin due to arroyo cutting. P indicates the location of the profile description and samples for laboratory data reported in Tables D1 and D2 (see text footnote 1).
TDCJ playa and other basins in the Amarillo area spans much of the Pleistocene.
The Brown, Boyd, and Truett playas contain gray lacustrine mud overlying olive lacustrine mud. The base of the gray mud dates to the middle Holocene at Boyd and Brown (Fig. 3) . The radiocarbon sample from Truett was taken from above the contact with the olive mud, where the gray mud covers a truncated layer of lacustrine carbonate. The carbonate must be of Pleistocene age in order to allow time for its erosion (probably by deflation because a lunette is adjacent to the basin) and initiation of the gray mud deposition.
Lacustrine carbonate began to accumulate in the Pleistocene at all basins where age control on the deposit is available. In addition to Truett, dating is provided by radiocarbon samples from basin fill at two sites and from lunettes. At Lupton East (Fig. 3) , an A horizon within lacustrine carbonate is dated to ca. 17 400 yr B.P. At the Seminole-Rose section (Fig. 3) , an A horizon that formed at the top of lacustrine carbonate, and was buried by eolian sand, is dated to ca. 16 300 yr B.P. The deepest A horizon in a lunette next to Cone playa (Fig. 1) is ca. 33 000 yr B.P. (Holliday, 1985a) . A horizons from soils deep within lunettes at the Bluitt Refinery and Bluitt Cemetery playas, Peterson Farms playa, and Lupton West playa (Fig. 1) yielded radiocarbon ages ranging from ca. 24 400 yr B.P. to ca. 19 300 yr B.P. (Holliday, unpub. data) .
DISCUSSION AND CONCLUSIONS
The stratigraphic and geochronologic data presented in this paper on fill in playas provide clues to (1) the origin and development of these ubiquitous landforms, (2) regional late Quaternary landscape evolution and paleoenvironments, and (3) the role of playas in ground-water recharge. The stratigraphic relationship of the playa basins to the Blackwater Draw Formation supports the hypothesis that fluvial erosion and deflation were the primary processes responsible for creating the depressions rather than various dissolution processes (Table 1) . Evidence for centripetal flow and erosion by sheet wash, rill wash, and small streams is well documented in playa basins (Reeves, 1990; Gustavson et al., 1994 Gustavson et al., , 1995 . Topographic maps, aerial photos, and stratigraphic sections show modern fan deltas on the floors of some playas, and all larger playas contain significant quantities of deltaic sediment interbedded with lacustrine basin fill.
Some of the playa basins truncate all horizons of the surface soil and, in the deeper basins, the upper buried soils of the Blackwater Draw formation; that is, the basins were eroded into the formation. Exposure of the surface soil and, often, the upper buried soil around the margins of many basins also must have been produced either by deflation of the basin or by centripetal erosion, which caused the margins of the basin to retreat, exposing the soils. The effectiveness of wind as a modern erosional process and as a geomorphic agent in the geologic past is clearly demonstrated on the High Plains, one of the dustiest areas in the world (Orgill and Sehmel, 1976; McCauley et al., 1981; Holliday, 1987) . The presence of lunettes also demonstrates the capacity of the wind for removing sediment from basin floors. Paine (1994) reported on evidence of salt dissolution contributing to the formation of Sevenmile basin, a very large playa on the north side of the Southern High Plains, near the Amarillo area study sites (Fig. 1) . The northern margin of the study area is known to be affected by salt dissolution, but most of the rest of the Southern High Plains is not (Gustavson and Finley, 1985; Gustavson and Simkins, 1989; McGookey et al., 1988) . None of the study sites display evidence of catastrophic collapse beneath the basins, although in the Amarillo area older basin fill and underlying strata are warped, indicating gradual subsidence of the basin. Wood and Osterkamp (1987, p. 220-221 ) noted the presence of illuvial clay in the Blackwater Draw Formation below the Gentry playa as evidence for their eluviation-dissolution model of playa basin formations. Illuvial clay is pervasive in the surface and buried soils of the Blackwater Draw Formation (Holliday, 1989a) , and there is no evidence of increased amounts of illuvial clay beneath playa basins except for coatings of organic-rich illuvial clay on peds immediately below the Miami playa. Moreover, below the Blackwater Draw Formation in the Gentry, San Jon, and Seminole-Rose sections is fine sand and fine sandy loam (upper Ogallala Formation) devoid of illuvial clay. Clay films should be abundant for considerable depths below playa basins that formed according to the Wood and Osterkamp model.
Partial dissolution of calcretes and calcic soils can be demonstrated beneath several playa basins (Gentry, Washington Street, San Jon, Miami, TDCJ, Wink, Vance). Osterkamp and Wood (1987) identified partially dissolved carbonate below the Gentry playa as the Ogallala caprock calcrete and attributed basin formation to its dissolution. Field inspection shows that the calcic horizon occurs as nearly continuous films and coats of soft carbonate on the ped faces of a Bt horizon in a buried soil (Fig. 2) . These soilmorphologic and soil-stratigraphic relationships are identical to those of the Blackwater Draw Formation in its type section, 10 km north-northwest of the Gentry exposure (Holliday, 1989a) . There are no reported occurrences of calcic horizons in the upper Ogallala Formation exhibiting field characteristics similar to calcic horizons exposed at the Gentry pit. The zone of carbonate dissolution at Gentry playa begins as much as 70 m within the perimeter of the basin (Fig. 2) ; thus, the area of carbonate dissolution is much smaller than the area of the basin (also at Washington Street, San Jon, Finney, and Wink playas). The reverse situation would be expected if the Gentry basin formed primarily from dissolution and eluviation. Removal of the carbonate could be the result of the development of the basin (with dissolution occurring below the basin after the water collects in it) rather than the cause of the basin. Partial removal of the Ogallala caprock calcrete also is reported for a playa near Amarillo (Lotspeich et al., 1971) , but the caprock or other calcic horizons are fully preserved beneath the Seminole-Rose basin.
There is little convincing evidence that caprock dissolution after burial by the Blackwater Draw Formation formed most or many playa basins, but dissolution prior to burial may have started some depressions. Some basins in the Amarillo area, and the large paleobasin at San Jon, are cut into the Ogallala caprock and have fill inset into the caprock. Basins formed in the caprock today, where there is no Blackwater Draw Formation (southwestern Southern High Plains), serve as modern analogues (Gustavson et al., 1995) .
Once the basins formed, many persisted, although they fluctuated in size. As the High Plains surface aggraded, the Blackwater Draw Formation encroached on or largely filled some basins (Amarillo area, San Jon, Gentry), but the topographic expression tended to survive. Accumulation of the formation probably was a relatively slow process on an annual, decadal, or even millennial scale. A playa basin, therefore, remained a topographic depression although it was slowing filling with sediment, allowing centripetal erosion and subsequent deflation to continue. Water collected in the basin, periodically destroying vegetation by flooding and preventing carbonate accumulation at depth; both processes inhibit stabilization of the basin fill and thereby enhance deflation.
Stratigraphy shows that playa basin development is not a unidirectional process. Some basins, particularly smaller ones, filled completely with sediment (Miami, Ryan, Finney). The paleobasins at Gentry completely filled with lacustrine sediment and then were covered by the Blackwater Draw Formation. The modern Gentry basin subsequently was eroded through the surface layer of the Blackwater Draw Formation and into the older basin fill and older Blackwater Draw Formation (Fig. 2) . Small, filled playas buried within the Blackwater Draw Formation also are known from several exposures (Fig. 6) . Playas with no predecessors also form on the High Plains surface, although the best examples of this, Miami, Ryan, and Finney, are small and also completely filled.
Most of the sediment filling the basins is clastic. The most common deposit is lacustrine mud, composing all or most of the fill in smaller basins. Most of the fines probably were carried into the basin by suspension, either in runoff from basin margins or as dust. Layers of slopewash, eolian sediment, and delta deposits are more common in larger basins. Basins with higher relief and larger drainage areas are more likely to accumulate alluvial sediment and deeper basins also are more likely to trap eolian deposits because the relief inhibits subsequent deflation of the sediment. Precipitates (lacustrine carbonates) are relatively rare, found only in larger (wider and deeper) basins and, if lunette distribution is an indicator, mostly on the central Southern High Plains (Sabin and Holliday, 1995) . Factors controlling the formation and distribution of the carbonates are not understood, but because the carbonates are found in deeper basins, they may be related to ground-water phenomena.
Radiocarbon dating provides a chronology of basin evolution for the past 30 000 yr, but some basins are clearly much older. Reeves and Parry (1969) and Reeves (1990) suggested that the larger (their type II) playa basins (0.6-1.6 km diameter) range from 25 to 5 ka, and that smaller (their type I) playa basins (<0.6 km diameter) are 5 ka or younger, but few data support these assertions. All dated fills discussed in this paper show that the associated basins, regardless of size, were present at the end of the Pleistocene, and most fills have some component of late Pleistocene age. The carbonates are all late Pleistocene deposits, but the clastic deposits accumulated throughout the late Quaternary. Lacustrine mud accumulated in at least some basins at some time throughout the past 15 000 yr, and locally much earlier. Interfingering of the Blackwater Draw Formation and lacustrine sediments in the Amarillo area suggests that the basins and their fills span much of the Pleistocene (Fig. 7) . Eolian sediment is a common component between 16 000 and 11 000 yr B.P. (San Jon, TDCJ, Seminole-Rose, Miami) and locally in the early Holocene (Gentry, San Jon). Deflation of basin fill in the early to middle Holocene also is suggested at Truett and Elida.
The presence of thick lacustrine sequences in playas indicates that the basins have been subjected to periodic flooding throughout much of their history. Moreover, evidence of pervasive gleying at depth and the absence of carbonate below many basins are indicative of loss of carbon and reduction of iron due to focused recharge through basin floors. Playa flooding, destruction of playa vegetation, and infiltration of playa waters over periods of weeks to months probably inhibited precipitation of carbonate, leaving playa lacustrine sediments relatively carbonate free. Sedimentological and pedological data combined with the radiocarbon ages provide a few indicators of late Quaternary paleoenvironments. Dated sections show that lacustrine mud accumulated in playa basins in the late Pleistocene and throughout the Holocene. The presence of water in some basins, even if seasonal, is archaeologically significant because, with water, the basins would have supported plant growth and attracted game, conditions that would have attracted and supported prehistoric hunters and gathers. Eolian sediments >5000 yr B.P. (San Jon, Gentry) and <3000 yr B.P. (San Jon, Elida) complement data from draws and dunes that document aridity and wind deflation on the High Figure 6 . Cross section of the TDCJ playa near Amarillo (Fig. 1) illustrating the thicker and more complex stratigraphy of large playa basins. Note in particular the delta deposits and interfingering of the Blackwater Draw Formation with the lake beds. Sample locations for the two radiocarbon ages also are shown (and see Table 3 ).
Plains surface in the early and late Holocene (Holliday, 1989b (Holliday, , 1995a (Holliday, , 1995b . The paleoenvironmental significance, if any, of the lacustrine carbonates is unclear. The carbonates are most commonly associated with deeper basins (Sabin and Holliday, 1995) and therefore may be some sort of ground-water phenomenon. A link between formation of the carbonates and past environments is indicated, however, by their dating exclusively to the late Pleistocene. Perhaps the carbonates are somehow related to cool-arid conditions proposed for some intervals during this time (Hall and Valastro, 1995; Holliday, 1995b) .
In summary, the data presented in this paper show that the processes and chronology of playabasin formation and filling are relatively complex. The basins are maintained by erosive processes, which include wind deflation and centripetal sheet-wash erosion. The basins filled with lacustrine, eolian, and alluvial sediments. Lacustrine mud is the most common deposit and is the surficial layer in most basins. In some playa basins the muds locally are inset into lacustrine carbonate and in others they are interbedded with eolian sand and loam, and slope wash and delta deposits. Some basins persist in more or less the same location as the High Plains surface aggraded by eolian addition during the Pleistocene. After the basins formed they either were maintained by erosion as the Blackwater Draw Formation aggraded or were filled and reexposed or buried. Some basins are newly formed on the High Plains surface and have no apparent predecessors. Playa basins probably have been a ubiquitous component of the High Plains landscape through much of the Quaternary. 
ACKNOWLEDGMENTS

